This paper investigates the effects of surface orientation and doping on the dissolution of Mn ions from LiMn 2 O 4 structures using first principles calculations. Our aim is to understand why certain surface orientations and element dopings produce structures with lower Mn dissolution. By comparing the electronic properties and structures of systems with different surfaces and dopings, Mn dissolution mechanisms and their prevention can be better understood. Based on our calculations, Mn dissolution is strongly correlated with the electronic and bonding properties of the Mn-O bonds. Surface orientations with a larger number of Mn-O bonds and smaller bond length require more energy to break the Mn-O bonds. In addition, doping with certain elements changes the bonding state of Mn, which either prevents or aggravates Mn dissolution. © 2016 The Electrochemical Society. [DOI: 10.1149/2.0991607jes] All rights reserved.
Rechargeable batteries using lithium intercalation compounds as the cathode have been extensively studied during the past decade. However, lithium intercalation compounds exhibit significant capacity fading, especially during long-term cycling or storage at elevated temperatures. [1] [2] [3] [4] One of the key mechanisms of Li-ion battery degradation involves transition metal dissolution from the cathode materials. 5, 6 Among the various lithium intercalation compounds based upon transition metals, which include Mn, Ni, Co, Fe, and Zn, those based upon manganese showed the largest amount of metal ion dissolution. 7 Substantial efforts have been made to understand manganese dissolution mechanisms and further improve battery performance.
Manganese dissolution is an interfacial reaction between the electrode and the electrolyte that relies, to a large extent, upon the surface structures and orientations of the materials. To understand the mechanisms of manganese dissolution, it is essential to understand the reactions taking place at the electrode-electrolyte interface. These reactions depend on the stability, structures, and changes in energy at the electrode surface. Accordingly, surface properties and processes of the electrode have been widely studied using both experimental and computational techniques. For instance, the faceting of solidstate reacted LiMn 2 O 4 powder particles with different orientations was experimentally investigated. 8 TEM analysis showed that (111) planes possess the lowest surface energy among the low-index surface planes. First-principles calculations have been also used to study surface properties of LiMn 2 O 4 spinel. Benedek et al. investigated the surface energies and oxidation states of LiMn 2 O 4 spinels with low index surface structures. 9 Karim et al. revisited the calculation of surface properties and found that the (111) surface is the most stable facet by creating a partial inverse spinel arrangement. 10 In addition to surface stability, different surface orientations of the electrode have been shown to have an effect on Mn dissolution. 11 Spinel with the (111) plane exposed to the electrolyte solution suffers significantly less degradation than spinel with the (110) plane exposed to the electrolyte solution. 11 However, a clear explanation of the impact of surface orientation on manganese dissolution is still missing from previous studies. Investigating the impact of surface orientation on Mn dissolution will broaden our understanding of Mn dissolution.
Preventing or minimizing manganese dissolution is important to improve the performance of this material. Doping with elements that can substitute for manganese ions is known to be an effective way to prevent manganese dissolution. Various metals, such as Al, Co, Cr, Cu, Fe, Mg, and Ni, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] were partially substituted for manganese to prevent the dissolution of manganese. Previous studies have found that the introduction of cations with low oxidation number increases the oxidation state of Mn ions. [25] [26] [27] When the oxidation number of 28 Alternatively, one can also create a nonstoichiometric spinel in which Mn ions are replaced by Li (i.e. Li 1+δ Mn 2−δ O 4 ). This has the same effect of increasing the overall Mn valence. This method has also been shown to increase stability in the higher voltage region. 29 However, doping with other metal ions, such as Y 3+ , 30, 31 showed behavior that was the opposite of that seen with other elements. Although doping with yttrium can electrochemically activate manganese to increase its specific capacity, it also promotes dissolution of manganese into the electrolyte. 30 Apparently, doping the structure with elements of low oxidation number is not the only technique that can be used to decrease Mn dissolution. Kim et al. claimed that Mn dissolution is also strongly correlated with the covalent nature of the Mn-O bond. 32 To further understand why doping with certain elements decreases manganese dissolution, a detailed analysis of the electrode's electronic properties in the presence of different doping elements should be investigated.
In summary, this research investigates the effect of surface orientation and doping on the dissolution of Mn ions from LiMn 2 O 4 structures using first-principles calculations. The aim of our research is to understand why certain surface orientations and element dopings more effectively prevent manganese dissolution. By calculating the electronic and bonding properties of electrodes with different surfaces and dopings, manganese dissolution mechanisms and their prevention can be more fully understood. Specifically, this study conducts a thorough investigation of the changes in surface stability, manganese oxidation state, enthalpy of formation (EOF) of manganese vacancies, electronic properties and bonding properties of electrodes with different surface orientations and element dopings. The calculation results are then validated and compared with previous calculations and experimental results.
Computational Procedure
First-principles electronic structure calculations were performed within the generalized gradient approximation (Perdew-Wang 91 parameterization of the exchange correlation potential) plus U (GGA +U) implementation of density functional theory. The Vienna ab initio simulation package 33 plane-wave pseudopotential code was used with the projected augmented wave (PAW) method. A plane-wave cutoff energy of 600 eV was used in this study to ensure good convergence during cell parameter relaxations. A U value of 4.84 eV was chosen for the Mn atoms, which was the average value of Mn 3+ (4.64 eV) and Mn 4+ (5.04 eV). A cell containing eight formula units of LiMn 2 O 4 was used for the bulk calculations with 8 × 8 × 8 k-point sampling of the Monkhorst-Pack scheme. All our calculations were ensured with a total system energy convergence within 5 meV per atomic unit. The (110) orientation of the LiMn 2 O 4 structure has 2 different planes, which consist of a MnO 2 slab and a LiMnO 2 slab, occupied in turn. Therefore, two different terminations are available in the (110) orientation. The energy required to break the bond from each MnO 2 and LiMnO 2 termination should be different because they have different atoms and because bonds are present near them. When LiMnO 2 slabs are placed at both the top and the bottom layers of the slab structure with the (110) orientation, this structure is defined as (110)_LiMnO 2 surface structure as shown in Fig. 1a . The sequence of the (110)_LiMnO 2 structure can be described as
The vacancy concentration, C v , of the top and the bottom layers were fixed to 0.5 for all the surface structures. 9 The (110)_MnO 2 surface structure has the same sequence as the (110)_LiMnO 2 structure, except that both the top and the bottom layers are MnO 2 slabs.
Similarly, we adopted Mn 4 O 8 and Li 2 terminations in the (001) orientation. Figure 1b shows the surface structure of (001)_Mn 4 O 8 . The sequence of (001)_Mn 4 O 8 can be described as
The vacancy concentration is also fixed to 0.5 for both (001)_Mn 4 O 8 and (001)_Li 2 surface structures.
The surface structures of (111) orientation are slightly more complicated compared to the previous structures. The sequence of the (111)_Mn structure shown in Fig. 1c is
Mn, Mn 3 and O 4 terminations in the (111) orientation were chosen. In order to make integral numbers of Mn atoms at both the top and the bottom layers of (111)_Mn and (111)_Mn 3 structures, the number of stacking in the supercell parallel to the cleavage surface was doubled.
By considering different surface atom terminations, a total of 7 LiMn 2 O 4 surface slab models were built in this study. Ideal stoichiometry was maintained by transferring atoms from one surface of the slab to the opposite surface. A vacuum slab was placed on both sides of the LiMn 2 O 4 slab structure for relaxation. The total thickness of the slab varied slightly due to the cleavage of different orientations and different positions of surface atoms, ranging from 34.2Ǻ to 36.7 Å after relaxation. Vacuum slabs with a thickness of 10Ǻ each were placed above and below the structure.
In addition to different surface orientations and terminations, the ferromagnetic (FM) and antiferromagnetic (AFM) orderings of manganese atoms were considered. There are two possible magnetic orderings to achieve anti-ferromagnetism within the spinel manganese oxides: 34 AFM ordering with (001) and (110) directions. The AFM arrangement with (110) direction was adopted in this work because it has been reported that AFM ordering with (110) direction has slightly lower energy than AFM ordering with (001) direction. Figure 2 shows the element-doped LiMn 2 O 4 structure with (001) surface orientation. Doping elements (Co, Cu, Cr, Fe, Mg, Ni and Sn) replaced Mn atoms between other two Mn atoms. The changes in electronic and bonding properties of the Mn atoms were investigated by placing different doping elements. The LiM 0. 5 Mn 1.5 O 4 stoichiometry of the doped structure was maintained . In order to compare the effects of different doping elements on the structures, we fixed the doping concentration to 25%, which was a value used by many experiments. 12, 14, 15, 35, 36 In this study, changes in average intercalation voltage, oxidation state of manganese, and bonding properties due to doping with different elements (Co, Cu, Cr, Fe, Mg, Ni and Sn) were investigated using first-principles calculations. Based on previous reports, U values for Co, Cu, Cr, Fe, and Ni were 4.0, 5.2, 3.5, 4.2, and 6.4 eV. 
Results and Discussion
Surface energy change with different orientations.-The surface energy quantifies the breakdown energy of molecular bonds in the cleaved materials. The surface energy can be defined as the additional energy when surfaces are newly generated compared with that of the bulk material. Surface structures with smaller surface energies are more stable. Thus, the relative stabilities of surfaces with different orientations and structures can be obtained by comparing the differences in their surface energies. The surface energy, σ, can be computed as
where E slab is the energy of the slab with surfaces on the top and bottom, E bulk is the bulk energy per formula unit, N is the number of chemical formula unis in the slab, and A is the cleavage area of the slab. Here the cleavage area refers to the base area of a slab structure calculated after cleavage and relaxation. The bulk energy refers to the energy of 1 formula unit of LiMn 2 O 4 supercell, which is −46.75 eV. The surface energies of different orientations/terminations of the LiMn 2 O 4 slab model were calculated using Equation 1. Table I shows the surface energies of different orientations and terminations in both the FM and AFM slab structures after relaxation. The surface energy of the each slab structure can be used as a measure of its relative stability, which determines the probable form of structures within the same orientation. For example, lithium terminations in the (001) structure will be a more likely structure than manganese or oxygen terminations because its surface energy is critically lower than that of the other terminations. Among the 7 different surface terminations and orientations, the surface structures of (001)_Li 2 , (110)_M 4 O 8 , and (111)_Mn have the smallest surface energy within the same orientations for both FM and AFM structures.
The surface energies of different surface structures are similar to those reported in the literature, 9 except for the (111)_Mn 3 structure, as shown in Table I . The surface energy of the (111)_Mn 3 structure is quite different compared with those of the other structures. Discrepancies between the literature values and the results of our calculation of the (111) surface energy probably come from the surface reconstruction that occurs during relaxations. Our calculations show an intensive reconstruction of the (111) surface during relaxations. These results are consistent with previous findings that Mnterminated (111) surfaces experience surface reconstruction during relaxations.
9,10 Benedek et al. 9 found that the Mn-terminated (111) surface structures undergoes extensive migration of Li and O atom from the bulk to the surface, as well as stoichiometric mixing of the Li, Mn and O components. Karim et al. 10 also studied the reconstruction of (111) orientations with relatively high surface energy; they claimed that reconstruction is an indication of the inherent instability of the (111) surface. Karim et al. 10 also found that the (111) surface becomes more stable when employing local cation inversion at the (111) surface. In this work, surface reconstructions were also found in (111) surfaces with relatively high surface energy. However, the surface energy is higher than those from previous reports displayed in Table I . Due to intensive reconstruction, the final relaxation structures and their corresponding energy states might be changed during relaxations. Smearing methods, width of smearing, and other computational methods may influence the final relaxation structures and their corresponding energy states.
The surface energies of LiMn 2 O 4 structures with FM and AFM ordering are also similar, except for surface structures with (111) orientations. The reconstruction of (111) surfaces results in surface energies for surfaces with FM ordering that are different than those of surfaces with AFM ordering, after relaxation. The spin configuration of the surface structure may influence the surface energy of each of the terminations and orientations, which results in differences in surface energy between FM and AFM structures.
Changes in the manganese vacancy formation energy with different orientations.-The manganese vacancy formation energies were calculated using the LiMn 2 O 4 surface slab model with different orientations/terminations. Different terminations of the LiMn 2 O 4 structure have different atoms present on the surface. The energy required to break a bond from each termination should be different because they have different numbers of atoms and bonds are present near them. The energy needed for manganese atoms to break free from the structure can be calculated using the manganese vacancy formation energy, as described in Equation 2:
where E F is the manganese vacancy formation energy, N is the number of chemical formula units in the system, M is the manganese deficiency number and μ Mn is the chemical potential of manganese. Mn has been widely used as a reference for Mn oxides as well as other transition metals. However, the chemical potential is affected by the specific value of the U parameter. 40 Hoang adopted Hubbard U value as 4.84 eV and also calculated the chemical potential of Mn in the Li-Mn-O phase. The average value of chemical potential of Mn at 0 K in the stable region of the Li-Mn-O phase was about −4.5 eV. 41 In this study, we adopted this value for the calculations. In order to calculate the minimum energy caused by the vacancy of manganese atom, the nearest Mn atom was terminated.
The formation energies and electronic structures of defects in oxygen-deficient LiMn 2 O 4 were previously investigated to determine the preferred defect types in LiMn 2 O 4 structures. 42 Simple oxygen vacancies in the LiMn 2 O 4 structure were found to exhibit the lowest formation energy among the oxygen-vacancy-type defects. Simple oxygen vacancy in the structure refers that the nearest atoms were not moved to fill the vacant space when an oxygen atom was terminated from the structure. Similarly, the formation energies of simple Mn vacancies in LiMn 2 O 4 with different surface structures were investigated in this study.
By comparing the manganese vacancy formation energies of different surface orientations, the orientation/termination that is more likely to contribute to manganese dissolution by a breaking bond from the structure can be determined. Table II shows the manganese vacancy Among FM surface structures, the manganese vacancy formation energies of (001)_Li 2 , (110)_MnO 2 , and (111)_Mn are 10.5 eV, 2.11 eV and 4.08 eV, respectively. Among AFM surface structures, the manganese vacancy formation energies of (001)_Li 2 , (110)_MnO 2 , and (111)_Mn are 9.51 eV, 0.66 eV and 3.79 eV, respectively. Among the three different orientations, the manganese vacancy formation energies of surface structures with FM ordering are similar to those with AFM ordering. The (110) surface orientation has the smallest manganese vacancy formation energy, whereas the (001) surface has the largest. This result is consistent with the previous TEM results 11 that LiMn 2 O 4 with the (111) plane exposed to the electrolyte suffers significantly less degradation than LiMn 2 O 4 with the (110) plane exposed to the electrolyte.
Changes of bond length and electrostatic energy resulting from different surface orientations.-To understand why certain orientations have smaller dissolution effects and smaller manganese vacancy formation energies, the bonding properties among different surface orientation/terminations were investigated. The ionic character was estimated from the electrostatic interaction between Mn and O. The electrostatic interaction was estimated using the effective charge of each atom 32 and the bond length of Mn-O bonds. The total charge of each atom was obtained from an integration of the charge density in the atomic sphere. The electrostatic energy E es stored in a system of N charges q 1 ,q 2 ,. . . .,q n at positions r 1 ,r 2 ,. . . .,r n can be defined as
where r ij is the distance between positions r i and r j , and k e is Coulomb's constant. A value of k e = 8.987551 N m 2 /C 2 was used. Mn ions on the surface and the nearby O ions were chosen to calculate the electrostatic energy of Mn-O bonds with different surface structures.
The number of Mn-O bonds near the manganese atom and the bond lengths of Mn-O bonds change with surface orientations and terminations of the structure. In general, the length and strength of the bond are inversely proportional with each other. If bond length decreases, the energy required to break the bond increases. Moreover, if there are additional bonds near the atom, the energy required to break the Mn-O bond also increases. There are different numbers of bonds near the manganese atoms with different terminations and orientations among LiMn 2 O 4 samples with different surface structures. Moreover, the bond lengths near the manganese atom are uniquely determined by the atom's surroundings and the structure during relaxation. Thus, the number of Mn-O bonds and their bond lengths will be uniquely determined by the surface orientation/terminations. The number of Mn-O bonds, the average Mn-O bond length, the manganese vacancy formation energy of surfaces, the electrostatic energy of Mn-O bonds, and the change in electrostatic energy with FM and AFM ordering can be found in Table III and Table IV, respectively. To understand the relationship among manganese vacancy formation energy, bond length, and the number of Mn-O bonds near the manganese atoms in the surface structures, these properties are plotted separately. Figure 3 shows the relationship among manganese vacancy formation energy, bond length and the number of Mn-O bonds near the manganese atoms in the surface structures with FM and AFM ordering, respectively. At a glance, it seems that there is no conspicuous relationship among the number of bonds, bond length and manganese vacancy formation energy. However, a larger number of Mn-O bonds correlates with higher manganese vacancy formation energy. Now we compare the relationship between manganese vacancy formation energy and bond length in cases containing the same number of bonds in Fig. 3a . For example, the (001)_Li 2 structure has the highest manganese vacancy formation energy, since the manganese atom has five Mn-O bonds in its vicinity. Surface structures with 4 Mn-O bonds near the manganese atom have smaller manganese vacancy formation energies than surface structures with 5 Mn-O bonds, but higher manganese vacancy formation energies than structures with 3 Mn-O bonds. Among the surface structures with 4 Mn-O bonds, the average bond length near the Mn atom is inversely proportional to the manganese vacancy formation energy. The (111)_Mn 3 structure is an outlier among the surface structures. If it followed the trend, it should have either a larger bond length or smaller manganese vacancy formation energy. The reason for this result comes mainly from surface reconstruction that occurs during relaxation of the (111) structure. Without this exception, the manganese vacancy formation energy seems to be determined by the number of bonds near the manganese atom and the bond length of each of the Mn-O bonds. AFM surface structures show a similar trend with different numbers of bonds. Those structures with a larger number of Mn-O bonds near the surface have higher manganese vacancy formation energies, as shown in Fig. 3b . However, the relationship between the bond length and the manganese vacancy formation energy is not as clear as that seen with the FM structures. This is due to the different spin configurations of nearby Mn atoms. The differences in spin configuration affect the Mn-O bond length, which affects the manganese vacancy formation energy. From these results, it can be concluded that the formation energy of manganese vacancy changes with different surface orientations and that this change is caused by differing numbers of Mn-O bonds near the Mn atom and the bond length of each bond.
The electrostatic energy of Mn-O bonds in various surface structures is also an indicator that elucidates the bonding strength. The electrostatic attraction was calculated using the bond length of Mn-O bonds and the effective charge of each atom 32 shown in Table V . Figure 4 DOS distribution with different orientations.-To understand the effect of surface orientation on manganese dissolution, first-principles calculation methods were used to calculate the electronic properties of the surfaces. Previous studies have reported that the oxidation state of the manganese ions influences manganese dissolution. [25] [26] [27] 32 The oxidation state of manganese is closely related to the number of electrons in the d-orbitals, which consist of the e g and t 2g orbitals. The e g orbital consists of the d x2-y2 and d z2 orbitals and the t 2g orbital consists of the d xy , d xz, and d yz orbitals. Generally, it is assumed that only 3 electrons inhabit the t 2g level in the electronic configuration of an ideal high-spin Mn 4+ ion. The electronic configuration of an ideal high-spin Mn 3+ ion is assumed to have only 3 electrons in the t 2g orbital and one electron in the e g orbital. If only one electron is placed in the e g orbital, that electron is placed in either the d x2-y2 or the d z2 orbital. Due to the presence of the electron, the degeneracy of the two orbitals breaks down, decreasing the geometric stability and leading to Jahn-Teller distortion. Due to this instability, avoiding the Mn 3+ state of manganese prevents Jahn-teller distortion, resulting in reduced Mn dissolution. To observe the electronic properties and the oxidation state of the manganese atom, the projected density of state (DOS) of a manganese atom on the surface was investigated. Comparisons of the projected DOSs of Mn atoms in (001)_Li 2 , (110)_MnO 2 , and (111)_Mn surface structures can be found in Fig. 5 and Fig. 6 . The "+" and "−" signs in these figures indicate the up and down spin directions of the manganese atoms. Since the oxidation state of the manganese is determined by the d-orbital state with highest energy, only energy changes from −10 to +10 eV are extracted. Figure 5a compares the complete t 2g orbitals of the manganese atoms on the surfaces of three different surface structures. From these results, it can be seen that the up-spin t 2g level is fully filled with electrons because it is below the Fermi energy level. Since the t 2g orbitals are completely filled with electrons whether the manganese atom has an oxidation number of 3 or 4, the t 2g orbitals of different surface structures are not significantly different among them. However, the e g orbitals from the three different surface structures show different patterns than the t 2g orbitals, as shown in Fig. 5b . The DOS of the high state e g orbitals in the up-spin have splits near the Fermi level with different surface structures. The (001)_Li 2 structure has a peak at the highest energy state (near 3 eV) and the (110)_MnO 2 structure has a peak at the lowest energy state (<−1 eV) among the energy peaks. As the energy state of the e g orbital increases above 0 eV, it will become harder to fill the e g orbital with electrons. This means that increasing the energy state of the e g orbital increases the possibility of the existence of a Mn 4+ state, which will be beneficial for preventing Mn dissolution.
To further investigate the state of the e g orbital, the DOSs of the d x2-y2 and d z2 orbitals are plotted separately. Figure 6 shows the projected DOSs of the d x2-y2 and d z2 orbitals of the manganese atom. Some changes in the energy level can be observed among the d x2-y2 and d z2 orbitals in different surface structures, which mainly come from JahnTeller distortions. When a molecule possesses a degenerate electronic ground state, it will distort its structure to remove degeneracy and form a lower energy state. Elongation and compression are two ways to remove the degeneracy. When elongation occurs in the z direction, the axial bond length increases and degeneracy is broken by the sta- 2 state, which probably has been elongated mostly in the z direction, whereas (001)_Li 2 structure has the highest energy level in the dz 2 state, which has the shortest axial bond.
The changes in the DOS peak energy state are different among the three different structures. The (001)_Li 2 structure shows a DOS peak at a higher energy state in the up-spin state. In contrast, the (110)_MnO 2 structure has a DOS peak at the lowest energy state in the up-spin state, as shown in Fig. 6a . The relative position of the Mn 3d levels is shifted to a high-energy region in the (001)_Li 2 structure. Since the relative peak position of Mn 3d level in (001)_Li 2 is shifted to the right, above the Fermi level, more energy is needed for an electron to fill the e g orbital. This implies that more energy is needed to achieve the 3+ oxidation state of manganese. Thus, the (001)_Li 2 surface structure has the lowest possibility to be in the 3+ oxidation state and the (110)_MnO 2 structure has the highest possibility to be in the 3+ oxidation state. These results agree with previous calculations of the manganese vacancy formation energy, which indicate that the (110) orientation is the most vulnerable and the (001) orientation is the least vulnerable to Mn dissolution. 12,14-20,35,36,40,43-45 Also, dopants greatly change Li diffusion of the Li-Mn-O structures. Due to charge balance and opening of diffusion channel, some of the Li-site dopants acted as activation centers, facilitating the diffusion of neighboring Li ions. 43, 46 The influence of dopants on charge conductivity was also reported in the previous literature 41, 43, [47] [48] [49] [50] which differs depending on different dopants. Our main focus in this work is to understand why certain dopants are more effective in preventing manganese dissolution. In doing so, redox potential was calculated and compared with previous reports to validate our calculation of the structures. Electronic structures and bonding properties of Mn-O bonds were investigated to understand the cause of Mn dissolution.
To validate the results of our calculations of the structures of element-doped LiMn 2 O 4 , the average intercalation voltages were calculated after doping with different elements. The average intercalation voltage was calculated from changes in the Gibbs free energy of lithiated and delithiated LiMn 2 O 4 structures, as shown in equation 4:
where Z is the amount of lithium extracted from the structure and F is Faraday constant. The total energies of the fully lithiated and de-lithiated structures were calculated, and then the average intercalation voltages were predicted. 12, 14, 15, 35, 36 and from the calculations performed in this work. The results clearly show that the values calculated in this work are within the range of those in the references and similar to those taken from experimental results. Since it is more beneficial to operate a battery in the higher voltage region, most doping elements, except for Sn, were favorable in terms of intercalation voltage.
DOS distribution with different doping elements.-To observe the effect of doping on the electronic properties of LiMn 2 O 4 structures, 17, 18 which also showed that doping with transition metal elements changes the overall energy state of the DOS. Our results are also similar to those of previous reports, 17, 18 which found that the electronegativity of the transition metal ion affects the changes in DOS.
To investigate changes in the oxidation state and electronic properties of Mn ions in the LiMn 2 O 4 structure, the e g orbital in the projected DOSs of Mn atoms with different doping elements were investigated. Figure 8a compares the e g orbital in the projected DOSs of Mn atoms in LiMn 2 O 4 with Cr doping, Cu doping, or without doping. It can be seen that doping with elemental Cu shifted the overall DOS of the Mn atom to a higher energy level. As seen with the effects of orientation, a shift to the higher energy region makes it more difficult to fill the orbitals with electrons to create Mn 3+ ions in the structure. This means that doping with Cu is an effective way to increase the oxidation state of manganese. However, doping with Cr shows the opposite behavior, compared with Cu doping, in the DOS state. Figure 8a shows that doping with Cr shifts the overall DOS of the Mn atom to a lower energy level. Projecting the DOS of the Mn atom in the Cr-doped structure gave results that were opposite of the predictions that doping with metals of low oxidation number will increase the overall energy state to higher level. It seems that the electronegativity of the transition metal element might be more related to the DOS of the Mn atom than the oxidation number of the doping element. Doping with a transition metal element of higher electronegativity shows larger energy shift in the projected DOS of the Mn atom. Figure 8b shows the comparisons between projected DOS of the Mn atom in the LiMn 2 O 4 structure with Mg doping, Sn doping, or without doping. Figure 8b shows that doping with either Mg or Sn increases the up-spin state below the Fermi level, whereas doping decreases the down-spin state above the Fermi level. These two DOSs of the Mn atom in the Mg and Sn-doped structures do not show different trends, even though Mg and Sn have different oxidation numbers. Similarly, the DOS state of the Mn ion may not be directly related to the oxidation states of these two elements. Hamiltonian Population) analysis.-To further expand our understanding of the electronic and bonding properties of Mn, the COHP (Crystal Orbital Hamiltonian Population) of Mn in structures with different dopings were investigated. A COHP diagram gives information regarding bonding, anti-bonding, and nonbonding energy regions within a specified energy range. COHP divides the band-structure energy into the sum of orbital interactions. [51] [52] [53] If there are bonding contributions, the system energy is lowered, and When we compare the bonding state below the Fermi level (when all the electrons are filled in the atom), the Mn atom with Cu doping shows more bonding state and less anti-bonding state than the Mn atom without doping, as shown in Fig. 9a . This result is the exact opposite of the results displayed by the Mn atom with Sn doping, which shows less bonding state and more anti-bonding state of the Mn atom, as shown in Fig. 9b . A state showing more covalent bonding and less anti-bonding increases the covalency of the Mn-O bonds, which reduces Mn dissolution. At higher temperatures, a number of electrons become activated over the Fermi level. A sharp peak of positive (anti-bonding) COHP appears in the lower energy above the Fermi level in the Mn atom with Sn doping. If an anti-bonding state dominates above the Fermi level, electronic instability is expected to be increased. However, the positive peak (anti-bonding) of the COHP decreases in the Mn atom with Cu doping. This result indicates that doping with Sn is likely to decrease stability at higher temperature, which will aggravate Mn dissolution. Doping with Mg ions results in a state with more covalent bonding and less anti-bonding, as shown in Fig. 9c . Although the overall energy state is decreased after doping with Mg, as seen with Sn doping, there are more COHP in the stable energy state (low energy state near To compare the bonding characteristics with different doping elements numerically, total integrations of the COHPs with different doping elements were performed. Table VII shows the values of the total integrals of the COHPs with different dopings, with respect to the energy where all the electrons are filled in the manganese atom. Energy integration of the COHP represents the contribution of a chemical bond to the distribution of specific atom energies. 51 These results show that doping with Co, Cr, Cu, Fe, Mg and Ni increases the bonding state of the Mn-O bond. However, doping with Sn increases the anti-bonding state. These results are consistent with experimental results from the literature, which showed that doping with Sn increases Mn dissolution whereas doping with other elements decreases Mn dissolution. From the COHP analysis, element doping is beneficial to increase the Mn-O bonding state in the order of Mg, Ni, Co, Fe, Cr and Cu below the Fermi energy level. However, these elements also affect the oxidation state of Mn in the LiMn 2 O 4 structure at higher temperature. For instance, Mg-doped LiMn 2 O 4 structure has more Mn 3+ oxidation states at higher temperature because the DOS of e g orbital above Fermi energy will decrease to the lower energy region. Although Mg doping will increase the bonding state of Mn-O bonds, high temperature will increase the Mn 3+ oxidation state which will increase the instability of the structure.
COHP (Crystal Orbital
It should be noted that in this paper we considered the dissolution of Mn in LiMn 2 O 4 in vacuum. While a slab model in vacuum is commonly used in various DFT studies, it has its limitations. A more rigorous calculation will need to consider the impact of electrolyte, which may affect the dissolution behavior. On the other hand, Mn dissolution is mainly caused by the dissociation of Mn-O bonds followed by the diffusion of Mn ions to the environment regardless of the reaction routes in the LiMn 2 O 4 structure. Therefore, the local electronic and bonding properties of Mn ions and the bonds with nearest oxygen ions obtained in this paper can still provide useful information of Mn dissolution by comparing various LiMn 2 O 4 surface structures.
Conclusions
The effect of surface orientations and doping on the dissolution of Mn ions from LiMn 2 O 4 structures was investigated using first principles calculations. Specifically, the changes in surface stability, manganese oxidation state, manganese vacancy EOF, electronic properties and bonding properties with different surface orientations and element doping were examined. To validate the model of the surface structures and doped structures of LiMn 2 O 4 , their surface energy and average intercalation voltage were compared with the results of several previous studies.
Based on our results, surface orientations with a larger number of Mn-O bonds and smaller bond length require more energy to break the Mn-O bonds. The Mn vacancy formation energies showed that increasing energy is needed to break the Mn-O bond in the order of (110), (111) and (001) surface orientations. These results agree with the projected DOS of the Mn atom, which showed that the (001) surface has the lowest possibility to be in the 3+ oxidation state and Changes in the electronic and bonding properties of Mn atoms due to different doping elements were investigated. Within the transition metal elements, a DOS analysis showed that the Mn projected DOS is more related to the electronegativity of the doping element than to the oxidation state of the doping element. However, doping with Mg and Sn does not show the specific trend with respect to changes in the Mn DOS. To further investigate the electronic and bonding properties of the Mn atoms, a COHP analysis was conducted with different doping elements. Doping with Co, Cr, Cu, Fe, Mg and Ni increases the bonding state of the Mn-O bond, whereas doping with Sn decreases the bonding state. These results are consistent with the experimental results from previous literature, which showed that doping with Sn increases Mn dissolution whereas doping with other elements decreases Mn dissolution. From the COHP analysis, element doping is beneficial to increase the Mn-O bonding state in the order of Mg, Ni, Co, Fe, Cr and Cu below the Fermi energy level. However, these elements also affect the oxidation state of Mn in the LiMn 2 O 4 structure at higher temperature. In order to the understand the overall transition metal dissolution, both the bonding state and oxidation state should be considered.
In conclusion, Mn dissolution from LiMn 2 O 4 structures is strongly correlated with the electronic properties and bonding properties of the Mn-O bonds. It is important to understand the properties of these Mn-O bonds to prevent Mn dissolution. In addition, avoiding unstable Mn 3+ is important to prevent Jahn-teller distortions and disproportionation reactions at higher energy states of the structure. These results indicate that first-principles calculations can provide important guidance to select surface orientations and doping elements to prevent Mn dissolution.
